Four-dimensional (4D) printing of multi-directionally reinforced preforms has tremendous potential for the development of next generation functional composites by using the capabilities of 3D printing technology, 3D textile preform design, and polymer shape memory behavior. This work demonstrates the shape memory behavior and recovery force of 4D printed circular braided tube preforms and their silicone elastomer matrix composites. The preforms were printed by fused deposition modeling using the shape memory polymer (SMP), polylactic acid (PLA). The effects of braiding angle, tube wall thickness, and shape recovery temperature on the shape memory behavior of 4D printed tube preforms and their silicone elastomer matrix composites have been characterized. Measurements of shape recovery forces of the preform and composite were conducted using dynamic mechanical analysis (DMA). The braided microstructural parameters and shape recovery temperature have a significant effect on the preform shape memory behavior. The introduction of the silicone elastomer matrix greatly enhances the shape recovery force, shape recovery ratio, as well as radial compressive failure load of the 4D printed preform/silicone elastomer matrix composite. Building on these results, a potential application for 4D printed textile functional composites is presented.
Introduction
Four dimensional (4D) printing, the convergence of 3D printing and shape-morphing materials, was first introduced by Tibbits [1] in 2013 and has attracted considerable attention. It not only possesses the advantage of 3D printing that enables flexible fabrication of objects with complex shapes, but also has the capability of changing the shape, property, or functionality of 3D printed structures under external stimuli such as temperature, light, electric and magnetic field, and water [2] [3] [4] [5] [6] . Owing to its distinct advantages, 4D printing has been adopted in various technological fields, such as biomimetic structures [7] , robotics [8] , electronic devices [9] , medical devices [10, 11] as well as tissue engineering [12, 13] .
3D printing, also known as additive manufacturing, has been utilized to print numerous lightweight engineering and medical structures, such as lattices [14, 15] , honeycombs [16, 17] , scaffolds [11, [18] [19] [20] and stents [21, 22] with outstanding mechanical properties. For example, Cabrera et al. [21] demonstrated the design and manufacture of a polymer stent with mechanical performance comparable to that of conventional nitinol stents used for heart valve implantation in animal trials. Morrison et al. [23] designed and printed a tracheobronchomalacia splint for personalized medical device. Prates [24] presented a customized and lightweight, waterproof, ventilated 3D printed multi-material cervical orthosis.
Shape memory polymer (SMP), as one of the most widely used smart materials, has been adopted for 4D printing. For example, Yang et al. [25] developed a photoresponsive shape memory composite based on shape memory polymers and carbon black with high photothermal conversion efficiency. Yu et al. [26] synthesized a shape memory epoxy-acrylate hybrid photopolymer to fabricate complex structures through a stereolithography 3D printing technique. Ge et al. [27] developed a 4D printing approach that can create multimaterial SMP architectures using a family of photo-curable methacrylate based copolymer networks. Ly et al. [28] memory polyurethane and its CNT composites. Zarek et al. [9] developed a type of SMP based on polycaprolactone (PCL) and used it for flexible electronic devices. Zhao et al. [29] demonstrated the shape memory behavior of 3D printed objects with FDM using shape memory zinc-neutralized poly(ethylene-comethacrylic acid). Apart from above the mentioned SMP materials, polylactic acid (PLA) is also a wellknown SMP, which has been used in the biomedical field because of its good biodegradability and biocompatibility [30, 31] . Senatov et al. [19] , for example, has developed a 3D printed porous shape memory scaffold based on PLA/15% wt. nano-hydroxyapatite (HA) for self-fitting implants.
3D textile structural preforms, as the reinforcing phase of advanced composites, possess the unique characteristics of multi-directional reinforcement, improved structural integrity as well as flexible microstructural designability [32] . Quan et al. have successfully printed some 3D braided, orthogonal and interlock preforms, and composites [33] [34] [35] [36] . By using the capabilities of 3D printing technology, 3D textile preform design, as well as polymer shape memory, 4D printing of multidirectional reinforced preforms has tremendous potential for the development of next generation functional composites. Here, the 4D printed braided tube preforms were designed and fabricated by fused deposition modeling using SMP PLA filament. The 4D printed braided tube/silicone elastomer composites were also fabricated to enhance shape memory effects and mechanical properties. The shape memory behaviors and radial compression properties of 4D printed circular braided tube preforms and composites were characterized. The effects of braiding angle, wall thickness of the preforms, as well as the shape recovery temperature on the specimen shape memory behaviors were studied. The thermomechanical properties and shape recovery force were measured using a dynamic mechanical analysis.
Experimental section

Materials and thermal properties test
The SMP PLA filaments provided by Harbin Institute of Technology (HIT) were used for fabrication of 4D printed circular braided tube preform. To understand the thermal properties of SMP PLA filaments, the Differential scanning calorimetry (DSC) was conducted under nitrogen atmosphere using a Discovery DSC (TA Instruments). The sample weight was around 5 mg. The ramp rate was 10°C/min. The thermal gravimetric analysis (TGA) was also conducted under nitrogen atmosphere using Discovery TGA (TA Instruments) with the same ramp rate of 10°C/min. The sample weight was around 10 mg.
Specimen fabrication
The microstructure models used for 3D printing of the circular braided tube preforms were established by the software of CATIA. Based on the established microstructure models, 3D circular braided tube preforms with three braiding angles (20°, 30°and 40°) and three wall thicknesses (two layers, three layers and five layers) were printed by fused deposition modeling (FDM) using the SMP PLA filament. The printer nozzle temperature was 200°C and printing speed was 40 mm/s. The layer thickness was 0.2 mm. All preforms were printed using a QIDI Tech dual-nozzle 3D printer (Qidi Technology Co., Ltd., Ruian, Zhejiang, China). 4D printed circular braided tube preform/silicone elastomer matrix composite was fabricated by infusing the tubular preforms with a silicone elastomer matrix (184 silicone elastomer system, Dow Corning Inc., Michigan, U.S.). Vacuum was applied to eliminate the air in the silicone system. To avoid the effect of elevated temperature on the shape memory polymer preforms, the silicone elastomer matrix composites were cured in room temperature for 48 h. The PLA polymer's volume fraction in the composite was calculated as 36% by measuring the volume of the preform and composite, respectively. A video camera (Sony FDR-AX100) was used to obtain the images of the preform and the composite. A stereo microscope with integrated HD USB camera (Mantis Elite-Cam HD) was used to obtain the enlarged optical image of preform surface.
Shape memory behavior characterization
The shape memory behaviors of 4D printed circular braided tube preform and the preform/silicone elastomer matrix composite were characterized. The predeformed intermediate shape specimen was put in an oven with the given recovery temperature above the printing filament's glass transition temperature. A video camera (Sony FDR-AX100) was used to record the shape recovery process. The effects of braiding angle, tube wall thickness and recovery temperature on the shape memory behavior were investigated.
Thermomechanical properties and shape recovery force measurement
The dynamic thermomechanical analysis and shape recovery force of the 4D printed circular braided tube preform and the preform/silicone elastomer matrix composite at the intermediate shape were conducted using the RSA-G2 DMA (TA Instruments) with compressive oscillatory temperature ramp from 25°C to 90°C with the ramp rate of 5°C/min. We applied a 1g force prior to starting the test to ensure contact with the sample and set the constant strain to 0.1%. The frequency was 1Hz. The type of loading was compressive-compressive. The storage modulus, loss modulus, Tan delta and shape recovery force were obtained.
Radial compression test
Following the ASTM-D2412 standard [37] , radial compression tests of 4D printed circular braided tube preforms and composites were carried out on an Instron universal testing machine equipped with a 500 N load cell. All tests were run at the loading rate of 12.7 mm/min. Three specimens of each type were loaded until failure or crush. The fracture surface morphology of the specimens was examined using an Auriga 60 scanning electron microscope (SEM) at an accelerating voltage of 3.0 kV.
Results and discussion
The 4D printed circular braided tube preform was fabricated by fused deposition modeling. Fig. 1(a)-(c) show the 3D braided microstructure. From the braiding yarn contour projection in Fig. 1(a) , it can be seen that each yarn traverses from one surface to the other through the tube thickness. Fig. 1(b) shows the unit cell model, which is composed of three parts, namely, outer surface, interior and inner surface. The interior part has four interlaced yarns; each surface part has two yarns. The repeating unit cells constitute the whole geometrical model, as shown in Fig. 1(c) . Here, α denotes the braiding angle, a key structural parameter of the braided preform. In order to analyze the effects of microstructural parameters on the shape memory behavior of 4D printed circular braided tubes, models of three braiding angles (20°, 30°and 40°) as well as three braided tube wall thicknesses (two, three and five layers) were established.
Differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) measurements were conducted to characterize the thermal properties of the SMP PLA filament. It can be seen from Fig. 1(d) that the glass transition temperature (Tg) of the filament was around 63°C; the crystallization temperature and melting temperature were around 110°C and 170°C, respectively. The Tg, crystallization temperature and melting temperature are very similar to those temperatures of PLA in the literature [19] . Fig. 1(e) shows that the degradation temperature was around 345°C. Based on the measured thermal properties of SMP PLA filament, the 3D printer nozzle temperature was chosen to be 200°C. In the subsequent characterization of shape memory behavior, the deformation temperature (T d ) during mechanical loading was selected to be 90°C and the shape recovery temperatures (T r ) were 70°C, 80°C and 90°C.
Based on the geometrical model design and the SMP PLA filament, 3D circular braided tube preforms were printed by fused deposition modeling. Fig. 1(f) shows a printed preform with the braiding angle of 30°and three braiding layers. The tube height is around 24 mm. The outer diameter and inner diameter of the tube are around 25 mm and 18.4 mm, respectively. Fig. 1(g) shows the enlarged preform surface optical image. In this study, tube preforms with three braiding angles (20°, 30°and 40°) and three braided tube thicknesses (two, three and five layers) were printed. Composites based on 4D printed circular braids were fabricated by infusing the tubular preforms with a silicone elastomer matrix. Fig. 1(h) shows a 4D printed circular braided tube preform/silicone elastomer matrix composite with the braiding angle of 30°and three braiding layers.
The shape memory behavior of 4D printed circular braided tubes has been characterized following the procedure shown in Fig. 2(a) . First, the as-printed specimen (Fig. 2(a1) ) was deformed to an intermediate shape under external load at T d in an oven. This intermediate shape was maintained when the specimen was cooled down to the room temperature and unloaded. Finally, the specimen recovered to nearly its original shape upon heating at T r above its glass transition temperature, and the shape memory cycle was complete. A video camera was used to record the shape recovery process. According to the recorded images, the shape recovery ratio, R r.t , at recovery time t, was calculated using 
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, where the h o , h t and h i denote, respectively, the tube cross-sectional height of the original state, at time t, and the intermediate state. Fig. 2(b) shows the time variation of shape recovery of 4D printed braided tube preform with the braiding angle of 30°and three braiding layers at the shape recovery temperature of 70°C. The specimen readily recovers to nearly its original shapes in 240 s. Fig. 2(c) shows the time variation of shape recovery of 4D printed braided tube preform/silicone elastomer matrix composite with the braiding angle of 30°and three braiding layers at the shape recovery temperature of 90°C. The composite completely recovers to its original shape in 120 s. The effects of braiding angle, shape recovery temperature and tube wall thickness on the preform shape memory behavior have also been characterized. Fig. 2(d) shows shape recovery ratio vs. time curves of 4D printed circular braided tube preforms with three braiding angles of 20°, 30°and 40°at the same wall thickness of three layers and shape recovery temperature of 70°C. The S-shaped curves all show lower recovery rate at the initial and final stages, and majority of the recovery is accomplished in the middle stage. The recovery rate of 40°specimen is higher than those 20°and 30°specimens. The final recovery ratios of the 20°, 30°and 40°specimens are around 83.3%, 84.6% and 92%, respectively. These results could be attributed to the fact that there is higher degree of circumferential reinforcement as braiding angle increases. Fig. 2(e) shows the shape recovery ratio vs. time curves of 4D printed braided tube preforms with the same braiding angle of 40°and wall thickness of three layers at three shape recovery temperatures of 70°C, 80°C and 90°C. All the specimens recover to most of their original shapes in 120 s. The shape recovery rate increases with increasing recovery temperature. The final shape recovery ratios of the specimens at the three recovery temperatures of 70°C, 80°C and 90°C are, respectively, 92%, 91.7% and 83.3%, which decrease with increasing recovery temperature. Fig. 2(f) shows the shape recovery ratio vs. time curves of 4D printed braided tube preforms with two braiding layers, three braiding layers and five braiding layers and the composite of three braiding layers at the same braiding angle of 30°and shape recovery temperature of 90°C. It can be seen that the preform shape recovery time increases in the order of two-layers, three-layers and five-layers. The preform with two braiding layers shows the fastest shape recovery rate. The final shape recovery ratios of the preforms of two-layers, three-layers and five-layers are, respectively, 91.5%, 84% and 92.6%. Compared with the recovery ratio of 84% for the corresponding preform at the same recovery temperature, the recovery ratio of silicone elastomer matrix composite was improved markedly with the final shape recovery ratio of 100%. The increased shape recovery time of the composite increased is attributed to the low thermal conductivity of the silicone elastomer.
In order to better understand the shape recovery capability of the 4D printed circular braided tube preform and its silicone elastomer matrix composite, their shape recovery forces were measured. Fig. 3(a) shows the variation of thermomechanical properties and recovery force of the tube preform from 25°C to 90°C measured with DMA Fig. 2. (a) Shape memory cycle of 4D printed circular braided tube, (b) shape recovery of the specimen A30L3T70, (c) shape recovery of specimen CA30L3T90, (d) shape recovery ratio vs. time curves of specimens L3T70 with three braiding angles of 20°, 30°and 40°, (e) shape recovery ratio vs. time curves of specimens A40L3 at three shape recovery temperatures of 70°C, 80°C and 90°C, as well as (f) shape recovery ratio vs. time curves of specimens A30T90 with two braiding layers, three braiding layers and five braiding layers and the specimen CA30L3T90. (Notes: the legends A, L and T denote the braiding angle, braiding layer and recovery temperature, respectively. C denotes composite specimen, and the legend without C means the preform. For instance, A20L3T70 denotes the preform with braiding angle of 20°and three braiding layers at the recovery temperature of 70°C.) compressive oscillatory temperature ramp. The Tan (delta) reaches its peak value at 65°C, which is considered as the glass transition temperature of the preform. This value is close to the glass transition temperature of the 4D printing PLA filament measured by DSC. The storage modulus rapidly decreases in the glass transition region from 50°C to 65°C and the specimen exhibits a low modulus at temperatures above 65°C. The recovery force increases with increasing temperature and reaches to its peak value of 1.25 N at 51°C, and then the recovery force rapidly decreases to about 0.11 N in the glass transition region (50°C-63°C). This is consistent with the result of storage modulus. After that, the recovery force keeps a stable level between 63°C and 75°C and then decreases to 0.02 N with increasing temperature up to 90°C. Fig. 3(b) shows the variation of thermomechanical properties and recovery force of 4D printed circular braided tube preform/silicone elastomer matrix composite from 25°C to 90°C. It can be seen from the peak value of Tan (delta) that the glass transition temperature of the composite is around 70°C, which is slightly higher than that of the preform. The storage modulus rapidly decreases in the glass transition region from 50°C to 70°C and the specimen exhibits a low modulus at temperatures above 70°C. The recovery force gradually increases with increasing temperature from 25°C to 50°C. After that, in the glass transition region, the recovery force rapidly increases with increasing temperature and reaches the peak value of 3.3 N at 80°C, which is much larger than that of the preform. This result confirms that the introduction of the matrix material results in the high recovery force of 4D printed circular braided tube preform/silicone elastomer composite. Furthermore, the 4D printed composite shows a much wider temperature application range compared with its braided tube preform.
The failure behavior of 4D printed preforms and composites was studied using radial compression. Fig. 4(a) shows the five stages of failure progression of the circular braided tube preform with the braiding angle of 40°and three braiding layers; their corresponding load-displacement data are marked in Fig. 4(b) , which gives the loadradial displacement curves of preforms with braiding angles of 20°, 30°a nd 40°at the same wall thickness. The maximum load at specimen compressive failure increases with increasing braiding angle. This is mainly because there is higher degree of circumferential reinforcement as braiding angle increases; this is consistent with the result of shape recovery ratio. The tube radial displacement corresponding to the maximum load decreases with increasing braiding angle. Fig. 4(c) shows the load-displacement curves of the preforms with two, three and five braiding layers at the same braiding angle of 30°. The maximum load at compressive failure increases with increasing braiding layer. The load-displacement curves of the preform and silicone elastomer matrix composite were compared in Fig. 4(d) . It can be seen that the maximum load at compressive failure is much larger than that of the preform. The displacement corresponding to the maximum load of the composite is also larger than that of the preform. In addition, the irregular broken lines in the load-radial displacement curves of the preforms and composite indicate that the breakages of the printed wires in the braided structure preforms were not simultaneous. The fracture images in different positions also showed this point. Fig. 4(e)-(g) shows the SEM images of radial compressive failure of 4D printed circular braided tube preforms. It can be seen that the printed spiral wires interlaced together. The breakage occurs not only at the interface between printed layers, as shown in Fig. 4 (e), but also in the wire, as shown in Fig. 4(f) . Fig. 4(g) shows multiple yarn breakages.
The 4D printed circular braided tube preform/silicone elastomer matrix composite possesses not only excellent recovery capability in the radial direction, but also remarkable circumferential recovery ability from an unfolded state. To demonstrate the potential functional application of the 4D printed composites as mechanical grippers, the circumferential recovery capability of the braided tube is utilized. Here, an "open" composite tube specimen was first fabricated by cutting the composite tube along its longitudinal direction, and then flattened to assume the unfolded state. Fig. 5 shows the shape memory behavior of an open 4D printed braided tube preform/silicone elastomer matrix composite with the braiding angle of 30°and three braiding layers at the shape recovery temperature of 70°C. At this relatively low recovery temperature, the unfolded specimen recovered to nearly its original tubular shape during the recovery time of 250s. The shape recovery ratio was almost 100%.
Conclusions
In this research, 4D printed circular braided tube preforms and their silicone elastomer matrix composites were accomplished and a shape memory investigation was performed. The shape memory behaviors were primarily influenced by the microstructural parameters (braiding angle and wall thickness) and the shape recovery temperature. Compared with the 4D printed circular braided tube preform, the introduction of a silicone elastomer not only significantly improved the radial compressive failure load of the 4D printed tube preform/silicone elastomer matrix composite, but also markedly enhanced the shape recovery force at a wider operation temperature range, resulting in full shape recovery. The remarkable shape memory behavior and mechanical properties as well as flexibility in microstructural design confirm the potential of functional applications of 4D printing of textile composites. The example of a mechanical gripper has been demonstrated. 
